ABSTRACT Knowledge of population structure in a major vector species is fundamental to an understanding of malaria epidemiology and becomes crucial in the context of genetic control strategies that are being developed. Despite its epidemiological importance, the major African malaria vector Anopheles funestus has received far less attention than members of the Anopheles gambiae complex. Previous chromosomal data have shown a high degree of structuring within populations from West Africa and have led to the characterization of two chromosomal forms, "Kiribina" and "Folonzo." In Central Africa, few data were available. We thus undertook assessment of genetic structure of An. funestus populations from Cameroon using chromosomal inversions and microsatellite markers. Microsatellite markers revealed no particular departure from panmixia within each local population and a genetic structure consistent with isolation by distance. However, cytogenetic studies demonstrated high levels of chromosomal heterogeneity, both within and between populations. Distribution of chromosomal inversions was not random and a cline of frequency was observed, according to ecotypic conditions. Strong deficiency of heterokaryotypes was found in certain localities in the transition area, indicating a subdivision of An. funestus in chromosomal forms. An. funestus microsatellite genetic markers located within the breakpoints of inversions are not differentiated in populations, whereas in An. gambiae inversions can affect gene flow at marker loci. These results are relevant to strategies for control of malaria by introduction of transgenes into populations of vectors.
M
ALARIA is a devastating disease killing Ͼ1.5 milin molecular entomology, bioinformatics, and genomics, this view is currently considered one of the most lion people every year, mostly among African promising approaches to bring malaria transmission unchildren under the age of 5 (World Health Organider control (James et al. 1999; Collins et al. 2000; zation 1993) . Although efficient means for control do Alphey et al. 2002) . Several important goals for the exist, their implementation in African settings has so development of transgenic mosquitoes have indeed alfar remained ineffective and the burden of the disease ready been achieved, including germ-line transformais still increasing (Greenwood and Mutabingwa 2002) . tion of Anopheles (Catteruccia et al. 2000 ; Grossman Innovative strategies to combat malaria are thus needed. et al. 2001 ) and identification of several "candidate" Plasmodium parasites, the causative agents of malaria, are genes involved in refractoriness of Anopheles to Plasmotransmitted from human to human through the bite of a dium (Shahabuddin et al. 1998; Ito et al. 2002 ; Blandin mosquito vector that belongs to the genus Anopheles. et al. 2004; Osta et al. 2004) . A number of genetic Genetic control of wild vector populations to make them constructs are being considered as potential genetic unable to transmit the parasite has therefore been prodrive systems that would facilitate the spread of effector posed as a way to break down malaria transmission. The genes into target vector populations and eventually lead idea has gathered considerable research momentum to complete replacement of wild populations (Kidwell during the past decades. Owing to recent development and Ribeiro 1992; Ribeiro and Kidwell 1994; Turelli and Hoffmann 1999; Sinkins and O'Neill 2000) . However, availability of these tools does not imply success 1 is required to assess feasibility of this strategy, because pected Hardy-Weinberg frequencies in each location and no evidence for population subdivision was found the rate of gene flow in a subdivided population can be prohibitively slow (Lanzaro and Tripet 2003) . Current (Sharakhov et al. 2001; Boccolini et al. 2002; Kamau et al. 2003) . Thus, chromosomal structuring of wild An. vector control efforts involving insecticides will also benefit from knowledge of gene flow, which allows predicfunestus populations appears highly variable throughout Africa. tion of the spread of genes conferring insecticide resistance within and between natural vector populations.
Very few data from Central Africa are available to date. A handful of populations from South Cameroon were To date, most population genetics studies targeting malaria vector species have focused on Anopheles gamanalyzed for chromosomal inversion polymorphisms and fall within the definition of the Folonzo form, with addibiae, the major human malaria vector in sub-Saharan Africa, and demonstrated highly complex population tional inversions 2Rd and 2Rh that are commonly found in East Africa but absent from West African populations genetic structure (Donnelly et al. 2002; see Tripet et al. 2004 , accompanying article in this issue). However, (Dia et al. 2000b) . Taking advantage of the central geographic position of Cameroon in Africa, of the extreme a number of highly efficient malaria vectors occur in the field, but these have received far less attention than diversity of ecological settings and widespread distribution of An. funestus throughout the country, we undermembers of the An. gambiae complex, despite their epidemiological importance (Fontenille and Simard took a study of the genetic structure of the species by sampling An. funestus populations along a north-south 2004). This is the case of the widespread Anopheles funestus, which has a high vectorial ability, sometimes transect in Cameroon representing a clear cline in aridity ( Figure 1 ). Genetic diversity and population differenhigher than An. gambiae (Fontenille et al. 1997; Manga et al. 1997) . Vector control strategies must therefore tiation was assessed using cytogenetics (i.e., chromosomal inversions distribution) and genotyping at 10 also consider An. funestus as a main target species. In West Africa, An. funestus populations showed a high level microsatellite markers that map both within and outside inversions (Sharakhov et al. 2004) . This study design of genetic and behavioral heterogeneity. Cytogenetic studies conducted in Burkina Faso and Senegal revealed allowed us to explore the extent of genetic structuring within and between natural populations of this highly highly significant departures from Hardy-Weinberg equilibrium for most chromosomal paracentric inverefficient malaria vector. sion systems and linkage disequilibrium between inversions located on different chromosomes, suggesting that
MATERIALS AND METHODS
An. funestus populations could be divided in chromosomal forms with low or no gene flow between them Sampling sites: Mosquitoes were collected across Cameroon along a transect from south to north: in Mfou (3Њ41Ј N, 11Њ32Ј (Lochouarn et al. 1998; Costantini et al. 1999 ; Dia at and close to the breakpoints (Navarro et al. 1997; and Maga (10Њ51Ј N, 14Њ57Ј E) (Figure 1 Weir and Cockerham (1984) . Significance of F ST was assessed using the G-based exact test of genotypic differenphological identification keys (Gillies and de Meillon 1968; Gillies and Coetzee 1987) . All specimens were stored inditiation (Goudet et al. 1996) . The correlation between genetic and geographical distances was assessed by the regression of vidually in tubes containing desiccant. Half-gravid females of the An. funestus group were dissected and ovaries, which con-F ST /(1 Ϫ F ST ) on the logarithm (ln) of geographical distance (Rousset 1997) and tested using the Mantel test available in tain polytene chromosomes on which chromosomal inversions can be scored, were immediately fixed in ice-cold Carnoy's GENEPOP. Multilocus and/or multisample tests of deviations from fixative (one part of glacial acetic acid and three parts of pure ethanol). The corresponding carcasses were stored in tubes Hardy-Weinberg equilibrium were done using Fisher's combination probabilities test using P values from each locus and/ with desiccant. Back in the laboratory, all tubes were stored at Ϫ20Њ until processed.
or population, as implemented in GENEPOP. Multilocus tests of population differentiation were conducted in the same way. DNA extraction and species identification: Genomic DNA was extracted from wings and legs of each individual mosquito
The sequential Bonferroni procedure (Holm 1979) can detect a single test-specific departure when multiple tests are perfollowing a slightly modified version of the protocol of Cornel and Collins (1996) and resuspended in sterile water. An.
formed: it was applied to evaluate significance of locus-specific departures within populations. funestus s.s. females were included in the analysis after species identification was carried out by the recently described diagnostic PCR assay (Koekemoer et al. 2002; Cohuet et al. 2003) . No other member of the An. funestus group was observed in RESULTS our samples.
Chromosomal diversity and inversions distribution:
Microsatellite amplification: Ten microsatellites loci were selected from published An. funestus sequence data (Sinkins Cytological analysis was conducted in six villages: Ntui, forested areas and standard arrangements more frechromosomal forms were found in Bankim, Tibati, and Ngaoundere, within the transitional zone between forquently found in drier savannas, with a gradient of frequencies along the latitudinal transect (Figure 1) . est and savannas. In Tibati, where sample size was appropriate for subsequent analysis, significant departure When considering all karyotyped specimens as belonging to a single population, Hardy-Weinberg equilibfrom Hardy-Weinberg equilibrium was observed for all inversions due to a deficit of heterokaryotypes (Table  rium was significantly rejected (P Ͻ 10
Ϫ4
) for all chro-1). Hardy-Weinberg equilibrium was reestablished when mosomal inversions with a deficit of heterozygotes individuals were assigned to chromosomal forms using (Table 1 , "Pooled"). All pairs of chromosomal inversions the set of rules proposed by Costantini et al. (1999) . were in linkage disequilibrium (Table 2) .
Linkage disequilibrium between all pairs of inversions Following Costantini et al. (1999) , all specimens was highly significant (P Ͻ 0.01) in Tibati: 2Rd, 2Rh, from Nkoteng and Ntui belong to the Folonzo form 3Ra, 3Rb, and 3La were almost always associated all while all those from Lagdo belong to Kiribina. Both together while arrangements 2Rϩ, 3Rϩ, and 3Lϩ occurred together in the same individuals, despite the fact that arms 2R and 3R are on two different chromosomes. This is consistent with a genetic subdivision of An. funestus populations in distinct chromosomal forms in this location. In Ngaoundere a similar pattern was observed, but F IS values were not statistically significant, probably because of low sample size in this locality. In contrast, in Bankim, Hardy-Weinberg expectations were not rejected, except for the inversion system on chromosomal arm 3L, and no linkage disequilibrium was significant between inversions. Microsatellite diversity and neutral population structure: Genotypes at 10 microsatellite loci were determined for all karyotyped and additional An. funestus villages spread along a south-north transect in Camer- Weir and Cockerham (1984) . 2n, number of chromatids scored. *P Ͻ 0.05; **P Ͻ 0.05 after Bonferroni correction (see text). -, sample size too low to warrant analyzes or only one arrangement found.
a All specimens were considered as belonging to one single panmictic population.
oon (Figure 1 ), were analyzed. Four microsatellites loci types in Tibati. Exact tests for linkage disequilibrium within each population (450 pairwise comparisons) remapped within polymorphic chromosomal inversions: AF5 in 2Rd, 2Rh, and 2Ra, FunD and FunG in 3Rb, and sulted in four significant values after correction by the sequential Bonferroni procedure, each in different popFunF in 3La. Four other loci, FunO, FunL, AFND20, and AFND19, were located outside chromosomal inversions ulations. Several loci are relatively close to one another in the genome (AF20, AF19, FunD, and FunG on arm (Figure 2) , while the precise cytological location of AF2 and AF3 is still unknown (Sharakhov et al. 2004) . All 3R; see Figure 2) ; however, our results suggest absence of statistical linkage. Together with Hardy-Weinberg equiloci were highly polymorphic, showing between 8 and 32 alleles per locus. Similar levels of variability were observed librium, linkage disequilibrium analysis revealed that each geographical population, including Tibati, might be conin all populations with a mean number of alleles per locus ranging from 10.3 to 11.6 and average observed sidered as panmictic. Linkage disequilibrium between microsatellite loci heterozygosity across all loci ranging from 0.72 to 0.81.
At the population level, slight deviations from Hardyand chromosomal inversion systems was assessed considering only specimens for which both microsatellite genoWeinberg expectations occurred. They remained significant in three cases after the sequential Bonferroni type and karyotype was known (78 individuals). Among 40 pairwise linkage disequilibrium tests, 3 were significant procedure was applied over loci and populations (locus AFND2 in the population of Ngaoundere and Maga, (P Ͻ 0.05) at the single test level. None of them remained significant after application of the Bonferroni locus FunD in Foumban). The Hardy-Weinberg disequilibrium across all loci remained significant only in one correction, showing no association between chromosomal inversions and microsatellite alleles (Table 2) . population, Foumban, and was due to one locus (FunD ;  Table 3 ). Thus, no major departure from Hardy-WeinPairwise F ST estimates between populations and across all loci are shown in Table 4 , together with correspondberg equilibrium was evident in any population and in particular none matched the deficiency of heterokaryoing geographical distance between sampling sites. Aver- age F ST based on the whole data set (10 loci and 10 negligible (if any) influence of chromosomal inversions on our estimates. populations) was low (0.0145) but highly significant (P Ͻ 10
, by Fisher's combined probability test), sugIsolation by distance was tested and statistically significant correlation between genetic (pairwise F ST ) and gesting restricted gene flow between An. funestus populations at this geographical scale. All loci, except AFND3 geographic distance (P Ͻ 10
) was detected when considering the whole data set (Figure 3 ). These results and AFND20, showed significant genetic differentiation (P Ͻ 0.05), with F ST estimates ranging from 0.0014 to suggest that the level of genetic differentiation between populations of An. funestus in Cameroon is due to a 0.0375. Genome-wide differentiation was therefore demonstrated. Heterogeneity of the gene pool was further decrease of gene flow by geographical distance. To investigate whether one or few loci were responsible for confirmed by global analysis of all samples. Hardy-Weinberg predictions were significantly rejected (P Ͻ 0.05, the significant results, we repeated the analysis by keeping, in a stepwise procedure, all data except for one single test level) for 6 loci, with positive values of F IS for 5 of them (Table 3 , "Pooled") and linkage disequilibrium locus. Then we considered only loci located within chromosomal inversions or only loci located outside inverbetween loci was detected in 14 of 45 tests (P Ͻ 0.05, single test), 3 of them remaining significant after Bonsions. The results remained significant regardless of which locus was removed or which group of loci was ferroni procedure was applied (Table 2) .
Mean F ST estimates were computed separately for loci considered (P Ͻ 0.05). These data suggest that isolation by distance is due to the whole set of loci. within (AFND5, 0.0066; FunG, 0.0212; FunD, 0.0267; FunF: 0.0090) and outside (FunO, 0.0169; AFND20, 0.0018; AFND19, 0.0150; FunL, 0.0014) chromosomal DISCUSSION inversions. Comparison by Mann-Whitney test was nonsignificant (P Ͼ 0.05) but power was clearly low, which Adaptive role of chromosomal inversions: In An. fusuggests homogeneity among these groups of loci and nestus populations from Cameroon, chromosomal inversions were distributed along a cline of frequencies. Similar clines in frequencies of chromosomal inversions associated with an environmental gradient were previously observed in other Diptera. In the Drosophila genus, paracentric inversions are almost ubiquitous and their distribution was found to correlate with contrasting environmental conditions (Anderson 1989; Krimbas and Powell 2000) . Such a distribution was explained by the fact that chromosomal inversions would be maintained through directional selection pressure. In African malaria vectors, the biological significance of inversion polymorphism has been studied in depth in two species of the An. gambiae complex, namely An. gambiae s.s. and An. arabiensis. Chromosomal inversions were also found to be 1979 , 1985 Coluzzi 1982; Toure et al. 1998; Petrarca environmental selection (Coluzzi et al. 1979) . In An. somal regions might occur in heterozygous individuals through multiple crossing over or gene conversion. Alfunestus populations from Cameroon, the clines of frequencies of chromosomal inversions along the transect, though such a phenomenon is expected to occur at low frequency, it has been shown that recombination rate together with strong linkage disequilibrium between inversions located on distinct chromosomes, are thereand gene flow are highly site dependent inside inverted regions: they are maximal in the central region of the fore in agreement with a similar adaptive role of inversions: 2Rd, 2Rh, 2Ra, 3Ra, 3Rb, and 3La would favor inversion and minimal at the breakpoints (Navarro et al. 1997; Andolfatto et al. 2001) . They also depend on adaptation to moist equatorial climates, while standard arrangements would confer a better adaptive value unthe length of the inversions and on the species studied (Caceres et al. 1999) . It is therefore likely that the der drier conditions. The taxonomic status of chromosomal forms in An. regions examined by our microsatellite markers are not the most affected by the reduction of recombination, funestus-reconciling microsatellite and chromosomal data: According to the speciation hypothesis proposed even if some of them are close to the breakpoints (i.e., FunG and AFND5). High-resolution mapping using adby Costantini et al. (1999) , both Folonzo and Kiribina chromosomal forms are considered isolated reproducditional microsatellite and/or single nucleotide polymorphism markers should help pinpoint chromosomal tive units, each one having its own set of chromosomal inversions. Thus, although certain chromosomal inverregions, as well as the genes they contain, that are most exposed to environmental selection and potentially insions may be shared between them, others might have diagnostic values and could be considered as specific to volved in ecotypic adaptation. Altogether, our results are inconsistent with complete one or the other of these forms. This is the case, for example, between An. gambiae and An. arabiensis, both estabreproductive isolation between chromosomal forms. The conundrum in our data is that inversion heterozylished species being characterized by fixed inversions on chromosome X, and with inversion 2La fixed in An. aragotes apparently are inviable or do not occur frequently, and yet there is no allelic differentiation of markers biensis and polymorphic in An. gambiae (Toure et al. 1998; Coluzzi et al. 2002) . In this case, evidence for genetic found within inversions. The apparent homogeneity of the gene pool might result from historical rather than divergence between species/populations should be found throughout the genome, the amplitude of which will decurrent gene flow between chromosomal forms. This is an issue that warrants further investigation. pend on time since lineage splitting. High amounts of genetic differentiation were indeed revealed between Inversion heterozygote deficiency: Positive assortative mating, i.e., the general trend for like inversions to mate An. gambiae and An. arabiensis using, among others, microsatellite markers (Kamau et al. 1998; Lanzaro et al. together more often than expected if mating is random, could explain the excess of homozygous karyotypes ob-1998; Wang et al. 2001; Besansky et al. 2003) . Our data are in poor agreement with this hypothesis in An.
served within An. funestus populations. Assortative mating could be due to mate choice favoring mating befunestus.
In the forest-savanna transition area where chromotween individuals belonging to the same chromosomal form, or chromosomal forms could be separated temposomal inversions were polymorphic, we found two contrasting patterns. In Tibati, chromosomal structuring rally or spatially at the microgeographic scale (i.e., parapatry) at the time mating occurs, although sympatry is suggested local subdivision of An. funestus in chromosomal forms. This is reminiscent of the situation in West observed at the adult stage when sampling blood-seeking or resting females. However, this hypothesis cannot Africa, which led to characterization of the Folonzo and Kiribina forms (Lochouarn et al. 1998 ; Costantini et explain the pattern observed at the continental scale, with an inversion subdivision of An. funestus populations al. 1999; Dia et al. 2000a) . In Bankim, however, panmixia was not rejected. The same situation was formerly in West Africa while chromosomal inversions reveal no heterokaryotype deficit in South and East Africa. observed in Angola (Boccolini et al. 2002) , Kenya (Sharakhov et al. 2001; Kamau et al. 2003) , and MadaAnother hypothesis that fits better with the pattern of observed data involves selection acting against hybrid gascar (G. Le Goff, personal communication), thus underlining that the subdivision in chromosomal forms
heterokaryotypes. An. funestus chromosomal forms may freely interbreed in nature, but strong underdominance could not be generalized to the whole species range.
Microsatellite markers showed no departure from due to environmental selection against hybrid heterokaryotypes would limit their development. As we found panmixia in any geographical population from Cameroon. Microsatellite loci located within polymorphic both chromosomal forms to be represented at the adult stage when sampling blood-seeking and resting females, chromosomal inversions, as well as loci located outside, detected isolation by distance between geographical isowe assume that differential environmental adaptation between chromosomal forms would play a role at earlier lates, thus providing support for the usefulness of microsatellite markers to detect population substructure in stages. Selection pressure on chromosomal inversions could therefore occur at the larval stage, with different An. funestus and negligible, if any, effect of allele size homoplasy. Recombination between inverted chromotypes of breeding sites being preferred by each chromo-morphisms and nucleotide variability in Drosophila. Genet. Res.
somal form as observed in An. gambiae (Coluzzi et al. 77: 1-8. 1985 (Coluzzi et al. 77: 1-8. , 2002 Toure et al. 1998) . has been widely overlooked by the scientific community.
